University of Alabama in Huntsville

LOUIS
Honors Capstone Projects and Theses

Honors College

12-8-2016

Wing Flutter Analysis Using Computational Fluid Dynamics
Jeremy A. Pohly

Follow this and additional works at: https://louis.uah.edu/honors-capstones

Recommended Citation
Pohly, Jeremy A., "Wing Flutter Analysis Using Computational Fluid Dynamics" (2016). Honors Capstone
Projects and Theses. 525.
https://louis.uah.edu/honors-capstones/525

This Thesis is brought to you for free and open access by the Honors College at LOUIS. It has been accepted for
inclusion in Honors Capstone Projects and Theses by an authorized administrator of LOUIS.

Wing Flutter Analysis Using Computational Fluid
Dynamics
by

Jeremy A. Pohly
An Honors Capstone
submitted in partial fulfillment of the requirements
for the Honors Diploma
to

The Honors College
of
Tbe University of Alabama in Huntsville
December 9,2016
Honors Capstone Director: Dr. Gang Wang

-uts

Director

l i

!~,/Y/ICI
gate

Date

Table of Contents
Abstract ......................................................................................................................................................... 1
Introduction ................................................................................................................................................... 2
Computational Fluid Dynamics .................................................................................................................... 4
Geometry ................................................................................................................................................... 4
Inputs ......................................................................................................................................................... 9
Results ......................................................................................................................................................... 10
Conclusions and Future Work..................................................................................................................... 13
Acknowledgements ..................................................................................................................................... 14
References ................................................................................................................................................... 15

List of Figures
Figure 1: Overview of the Wing in the Flow Field to be Meshed _________________________________________ 5
Figure 2: Flow Field Mesh ______________________________________________________________________ 5
Figure 3: Structured Mesh of Goland Wing _________________________________________________________ 6
Figure 4: Wing Boundary Layer Mesh _____________________________________________________________ 6
Figure 5: Mode 2 (13.87 Hz) _____________________________________________________________________ 8
Figure 6: Mode 1 (8.06 Hz) ______________________________________________________________________ 8
Figure 7: Mode 3 (47.85 Hz) _____________________________________________________________________ 8
Figure 8: Mode 4 (50.39 Hz) _____________________________________________________________________ 8
Figure 9: Location of Monitor Points on Wing ______________________________________________________ 10
Figure 10: 146 m/s Wing Tip Deflection (m) at Monitor Point 3 ________________________________________ 11
Figure 11: 148 m/s Wing Tip Deflection (m) at Monitor Point 3 ________________________________________ 11
Figure 12: Velocity Magnitude for 𝑢∞ = 146 𝑚/𝑠 __________________________________________________ 12
Figure 13: Pressure for 𝑢∞ = 146 𝑚/𝑠 __________________________________________________________ 12

List of Tables
Table 1: Goland Wing Parameters ________________________________________________________________ 7
Table 2: CFD Wing Input Parameters _____________________________________________________________ 7
Table 3: Natural Frequency Comparison ___________________________________________________________ 8
Table 4: SFEM Inputs and Resulting Flutter Velocity _________________________________________________ 9

Abstract
Wing flutter plays a significant role in the performance and life of lifting surfaces such as
aircraft wings. It is an instability that causes the wing to no longer be capable of damping out
random vibration, and it occurs at the point called the critical speed. Currently, the determination
of this critical speed poses a large challenge for aircraft designers, as there is no method that can
quickly calculate the conditions that will cause the wing flutter instability. UAH has developed a
novel spectral finite element method (SFEM) to conduct aeroelastic analysis of wings at low
computational costs. In this paper, it is proposed that the SFEM is coupled with full
computational fluid dynamics (CFD) analysis to provide a two-step method that is both accurate
and efficient in determining the flutter conditions of a wing. The CFD method and results are the
focus of the present paper. The results from this two-step method are included, and it is
determined that the errors between the SFEM and CFD solutions are within 8%. This
demonstrates the potential speed and accuracy of the proposed two-step method, which will
allow designers to rapidly determine whether their vehicle will be capable of operating safely
within its design envelope.
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Introduction
It is of utmost importance to determine when an aircraft will reach its critical point and transition
to wing flutter. At speeds below the instability, the structure is capable of damping out random vibrations,
but at speeds above the critical speed the instability can cause numerous/rapid loading cycles to occur
which usually results in structural cracks and catastrophic structural failure, especially if the wing is made
of a composite. [1] Currently, there are no numerical/analytical methods for determining the conditions
which will lead to wing flutter. However, by combining Dr. Wang’s SFEM with CFD analysis, a two-step
method can be performed which leads to rapid and accurate prediction of flutter boundaries.
The spectral finite element method (SFEM) is a frequency domain method that combines the
exact solution approach, Fast Fourier Transformation (FFT) and Inverse FFT, and conventional finite
element method. The combination of these methods brings the high accuracy of the dynamic stiffness
matrix, the ability to mesh and assemble elements of different structural parameters of FEM, and the low
computational cost of discrete Fourier transform together into one method. [1] This method is essentially
a MATLAB code that operates in 1-D by scanning the frequency domain and rapidly determining the
flutter conditions on the proposed geometry. SFEM is the first step in the proposed two-step process, as it
makes a first-order approximation of the critical speed that will induce the flutter instability.
After using SFEM to generate an accurate first-order solution, the second step will be using CFD
code to solve the full 3-D fluid-structure-interaction problem. In this case, ESI Group’s ACE+
Multiphysics Suite was used to do the CFD analysis. The CFD model required coupling Flow, Heat
Transfer, Stress, and Grid Deformation modules in order to capture all of the necessary physics. Using the
conditions and critical speed predicted by SFEM as a starting point for the CFD inputs, the critical speed
of the CFD model (and affected flow conditions) were parametrically investigated to determine the speed
that resulted in undamped oscillation of the wing.
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Both methods were performed on the same wing geometry under the same flow conditions.
Efforts were made to ensure that the CFD model matched that of the SFEM model by first comparing the
wing’s mode shapes/frequencies. After the two computational methods had agreeable physical/structural
properties, the determination of the critical speed via CFD analysis could begin. This paper focuses on the
CFD investigation and results in order to compare them to pre-existing SFEM results. There will be no
discussion of the theory or methods behind SFEM.
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Computational Fluid Dynamics
The CFD analysis requires three main steps in order to generate an accurate solution. The first
step is to create a mesh grid to represent the geometry of the problem being solved. In this case of wing
flutter, this requires a fixed wing (with dimensions determined by the standard Goland wing) in a large
flow domain that will not impose unrealistic boundaries on the wing itself. The grid also needs to be of
high enough resolution to capture the complex flow field, but not too finely resolved that it requires
excessive computation time. Once an appropriate grid has been generated, the correct boundary and
volume conditions are applied in order to solve the problem. This includes inputting the flow field
pressure, velocity, temperature, and density, along with the material properties, and all other parameters
required to describe the problem. Once all of the inputs are imposed on the geometry, the solution can be
generated through the use of the solver GUI, and finally the results can be analyzed in the post-processing
software.

Geometry
The geometry used for this research is based on the Goland wing, which has been used as a
standard for analyzing wing flutter. [2] This was modeled in CFD ACE+ GEOM using a flow field of
245 x 150 x 240 ft to encapsulate the 20 x 6 x 0.24 ft wing. An overview of the geometry being modeled
can be found in Figure 1. Similarly, the mesh used to create the flow field can be found in Figure 2.
Finally, the wing itself and a close up of the boundary layer meshing used in the model can be found in
Figures 3 and 4, respectively. The final mesh used was a structured mesh composed of 1,913,382 cells,
which served to capture all of the fidelity required to solve the problem, while still being able to generate
results in an efficient manner.
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Figure 1: Overview of the Wing in the Flow Field to be Meshed

Figure 2: Flow Field Mesh
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Figure 3: Structured Mesh of Goland Wing

Figure 4: Wing Boundary Layer Mesh
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To ensure that both the SFEM and CFD methods were in fact using the same Goland wing in the
analysis, a comparison of the mode wing’s mode shapes was performed. The physical parameters of the
Goland wing can be found in Table 1. [1] This is the general description of the wing and used as inputs
for the SFEM. Similarly, the inputs used in the CFD analysis to computationally model the wing can be
found in Table 2. Finally, a comparison of the natural frequencies corresponding to each mode for both
methods can be found in Table 3. [2] Refer to Figures 3-6 for a visual representation of the 4 modes
corresponding to the CFD model of the Goland wing.
Table 1: Goland Wing Parameters
Parameter

Value

Unit

𝐶 (chord)

6

ft

𝐿 (span)

20

ft

𝑥! (elastic axis to CG)

0.58

ft

𝑥! (leading edge to elastic axis)

2

ft

𝑀 (mass)

0.746

slug/ft

𝐼! (inertia about the elastic axis)

1.943

slug-ft

𝐸𝐼 (bending stiffness)

23.3x10

6

lb-ft

𝐺𝐽 (torsional stiffness)

2.39x106

lb-ft

Table 2: CFD Wing Input Parameters
Parameter

Value

Unit

𝐶 (chord)

6

ft

𝐿 (span)

20

ft

𝜌 (material density)

418.58

kg/m3

𝐶! (specific heat)

470

J/kg-K

𝐾 (thermal conductivity)

48

𝐸 (Young’s modulus)

3.63x10

W/m-K
11

N/m2

𝐺 (shear modulus)

3.6x109

N/m2

𝜈 (Poisson’s ratio)

0.33

---
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Table 3: Natural Frequency Comparison
Mode

Frequency (Hz)
Baseline Goland [2]

CFD Wing

1

7.96

8.06

2

13.85

13.87

3

N/A

47.85

4

N/A

50.39

Figure 6: Mode 1 (8.06 Hz)

Figure 5: Mode 2 (13.87 Hz)

Figure 7: Mode 3 (47.85 Hz)

Figure 8: Mode 4 (50.39 Hz)
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Inputs
After confirming that the CFD model’s modes aligned with the baseline Goland wing and the
inputs of the SFEM, the CFD model could be setup and the solutions could be generated. The flutter
conditions corresponding to those discovered by the SFEM were first input to determine whether they
were the exact conditions which would lead to the flutter instability by CFD analysis. The baseline SFEM
sea level conditions and resulting flutter velocity can be found in Table 4.
Table 4: SFEM Inputs and Resulting Flutter Velocity
Parameter

Value

Unit

𝜌!

1.225

kg/m3

𝑇!

293.15

K

𝑃!

101325

Pa

𝑈!"#$$%&

136

m/s

As the CFD analysis is an attempt at confirming the results produced via SFEM, the flutter
velocity of 136 m/s became the baseline input for the CFD analysis and the resulting inputs required to
achieve this velocity at a constant Mach number of 0.7 were determined from the following equations:

𝑇=

1 𝑢!
𝛾𝑅 𝑀

!

𝑃 = 𝜌𝑅𝑇
Where T is the temperature of the air, 𝛾 is the specific heat ratio (1.4 for air), R is the gas constant
(286 J/kg-K for air), M is the Mach number, 𝑢! is the flutter velocity, and 𝜌 is the air density.
In order to determine whether the conditions did in fact lead to the flutter instability, monitor
points were placed at different locations along the tip of the wing, which can be seen in Figure 9. The
monitor points are spots that will record the evolution of desired variables as a transient solution proceeds
through time. In this case, the variables of interest are the displacement values at the wing tip so that the
9

oscillation of the wing can be visualized. If the input speed is too low, then the wing will not reach the
flutter instability and the wing will be able to damp all vibrations incurred by the fluid-structureinteraction. Similarly, if the speed is too high, then the deflection of the wing will become inordinately
large and the solution will diverge. The location of the wing flutter will be a specific point where a
sinusoidal, undamped oscillation will occur.

Figure 9: Location of Monitor Points on Wing

Results
The results for the CFD analysis are fairly concise. The solution was determined by varying the
velocity until the flutter velocity was bound such that the lower velocity resulted in damped oscillation
and the upper velocity resulted in a diverged solution. The two velocities were then brought within 1 m/s
of each other in order to determine the CFD flutter speed. Figures 10 and 11 show monitor point plots (at
monitor point 3) corresponding to the lower and upper velocity bounds for the flutter speed, respectively.
It can be seen in Figure 10 that the lower bound of 146 m/s results in damped oscillation, which is to be
expected. This is the speed immediately before the flutter instability is reached, where the wing is still
capable of damping all vibrations induced by the free stream velocity. Similarly, Figure 11 provides a
visualization of the wing deflection at 148 m/s, which is beyond the flutter instability and characterized
by large displacements of the wing. Note that both figures display displacement in the velocity-normal
direction, which is the y-direction in this case.
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Figure 10: 146 m/s Wing Tip Deflection (m) at Monitor Point 3

Figure 11: 148 m/s Wing Tip Deflection (m) at Monitor Point 3
In addition to the monitor point plots associated with the flutter speed, the pressure distribution
and velocity distributions over the wing can be found in Figure 12 and 13 respectively. These figures give
a better understanding of the flow field that is involved in the fluid-structure-interaction and what is
physically happening when the flutter instability is reached.
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Figure 12: Velocity Magnitude for 𝒖! = 𝟏𝟒𝟔 𝒎/𝒔

Figure 13: Pressure for 𝒖! = 𝟏𝟒𝟔 𝒎/𝒔
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Conclusions and Future Work
The present work clearly demonstrates the capabilities of the proposed two-step method. By using
the initial results from Dr. Wang’s Spectral Finite Element Method, a few 3-D Computational Fluid
Dynamics solution can be rapidly generated that validates the SFEM results and provides additional
information such as: displacement values, pressure distribution, velocity distribution, etc. SFEM predicts
the flutter velocity to be 136 m/s while CFD predicts the flutter instability to occur at 147 m/s. This
results in the two methods being within 8% of each other.
There are many possible avenues of future work for this research. One of the most important
aspects of the project that could be addressed in the future is to collect more data. This research has only
verified one data point on a large plot of potential data points. If the flutter boundaries can be determined
for multiple speeds and flow regimes, then the process of determining where the flutter instability will
occur will be an even simpler process. Once more data has been generated through both the SFEM and
CFD methods individually a better aligning of the two methods can be done. The relationship between the
two methods will need to be understood better in order to provide a rapid determination of the flutter
conditions. Currently the biggest hindrance for the two-step method is guessing how far off the SFEM
results are from the CFD results. If it can be determined that SFEM over- or under-predicts the CFD
solution by a certain percentage every time, then the inputs for the CFD can be more quickly and
accurately determined, which will streamline the whole process.
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